INTRODUCTION
Fibrostatins were isolated as orange crystals from the culture broth of Streptomyces catanulae subsp. griseospora. 1 These compounds are the first naturally occurring 2,6,7-or 3,6,7-trisubstituted or 2,3,6,7-tetrasubstituted 5-hydroxy-1,4-naphthoquinones possessing an N-acetyl-L-cystein-S-yl moiety in the molecule.
These compounds show inhibitory activity against prolyl hydroxylase. Prolyl hydroxylase is an enzyme (M.W., 200,000) along with its cofactors (molecular oxygen, ascorbic acid and -ketoglutarate), which are responsible for hydroxylation of proline. The hydroxyl groups of hydroxyproline residues in collagen, the extracellular matrix protein in animals or cell walls in plants, help to maintain the triple helical structure interchain hydrogen bonding. Procollagen triple helices in which the prolines have not been hydroxylated are far less stable than their hydroxylated counterparts. The conditions that prevent proline hydroxylation like fibrostatins inhibit procollagen helix formation which leads to some diseases. 2 The in vitro inhibitory activity (IC 50 ) of fibrostatins A, B, C, D, E and F against prolyl hydroxylase of chick embroys was 23, 39, 29, 180, 10 and 14 µM, respectively. It is reported that acute toxicity (LD 50 ) of fibrostatins was 50-200 mg/kg when administered intraperitoneally to rats. 1 From these data, fibrostatins are regarded as potent inhibitors of prolyl hydroxylase.
Harold W. Moore The structures of these six fibrostatins were deduced from their chemical and spectroscopic properties. 3 The detailed structures of fibrostatins are shown in Scheme 1.
Examination of the structure reveals a benzylic thiol and alcohol which could be precursors to quinone methides and thus the natural products are classified as potent bioreductive alkylating agent. The inhibitory activity to the prolyl hydroxylase could be due to the formation of quinone methide via a bioreductive mode. Fibrostatins could be reduced in vivo, probably by enzymes such as NADPH, to the corresponding hydroquinone, which may then eliminate water and/or thio side chain to form the quinone methide intermediates. Conceivably the prolyl hydroxylase is trapped and deactivated by these quinone methides, which may function as alkylating agents (Scheme 2).
Scheme 1. Structures of fibrostatins.
Scheme 2. Proposed mechanism for deactivation of prolyl hydroxlase by quinone methides.
Fibrostatins
As one can see in Scheme 2, fibrostatin F could work as an 1,7-bisalkylating agent, and fibrostatin B could function as a monoalkylating agent. Since many anticancer agents are alkylating agents, it is conceivable that fibrostatins could also behave analogously. Therefore, the synthesis of fibrostatins is very important to test their biological activities and gain a better understanding of their chemistry. The synthesis of fibrostatin B will be discussed in this report.
RESULTS AND DISCUSSION
The synthetic strategy of fibrostatins outlined in Scheme 3. The key synthetic step is the addition of a suitably substituted aryl lithium reagent 6 to unsymmetrical cyclobutenone 7.
The introduction of -CH 2 OP into aromatic ring did not give promising results. The intermediate 6 could be prepared from 2,6-dimethoxyphenol (10) through palladium-catalyzed carbon monoxide insertion or from 3,5-dimethoxyaniline (13) through Sandmeyer reaction (Scheme 4).
The first route examined was the preparation of aryl triflate 9, an assumed precursor of methylbenzoate 8 as shown in Scheme 5. 4-Bromo-2,6-dimethoxyphenol (15), a good precursor for the aryl triflate 9, was prepared in 76% yield by a procedure similar to that reported by Foley, 4 i.e. N-bromosuccinimide (NBS) was employed as a brominating reagent in CHCl 3 with 0.75% (v/v) ethanol. The resulting 4-bromo-2,6-dimethoxyphenol (15) was treated with trifluo- Harold W. Moore romethanesulfonic anhydride and base to give bromoaryl triflate 16 in 90% yield. Among the bases tried, sodium hydride gave the best result. The palladium-catalyzed carbon monoxide insertion was performed. 5 Unfortunately, the product obtained was compound 17, not the desired compound 18 (Scheme 5). The insertion of palladium occurred at the C-Br bond. A possible explanation for this reaction could be that the aryl triflate 16 is more sterically hindered than those reactions described in other papers, 5 so the insertion of palladium took place at the less hindered site. Therefore, this approach was not successful.
The next route tried was the synthesis of protected 2,6-dimethoxy-4-iodobenzyl alcohol (22). 3,5-Dimethoxybromobenzene (12) was prepared from 3,5-dimethoxyaniline by Sandmeyer reaction (Scheme 6). 3,5-Dimethoxytrimethylsilylbenzene (19) was prepared from 12 in 97% yield upon treatment of 12 with butyllithium and trimethylsilyl chloride. Compound 19 was then converted into the benzyl alcohol 20 upon treatment with n-BuLi and paraformaldehyde in 79% yield. Following desilyloiodination with silver tetrafluoroborate, 6 4-iodo-1,6-dimethoxybenzyl alcohol (21c) was isolated in 39% yield with 21b(33%) and 21a(17%). The formation of 21a can be rationalized by the fact that the aromatic cation formed upon treatment with iodine might be stabilized by the adjacent methoxy groups leading to release of formaldehyde. Also, the formation of 21b can be rationalized by the fact that the alkoxy aromatic substitution is usually occurred at ortho and para position of the alkoxy groups. Of course, the compound 21c was converted into 22 successfully. However, this approach was not satisfactory because of the unwanted by-products in the iodination.
Since all attempts to synthesize were not successful or not efficient because of the difficulty introducing -CH 2 OP (P=protecting group) group into aromatic ring, Hooker oxidation was introduced. In 1936, Hooker reported an unusual transformations of simple hydroxynaphthoquionones. Oxidation of lapachol (23) with alkaline permanganate resulted in a totally unexpected product 24 with the elimination of CH2 from the side chain and the change of the regiochemistry (Scheme 7).
7 Later Fieser et al. reported a new procedure using hydrogen peroxide and CuSO 4 under basic condition. 8 The mechanism of this reaction was proposed 50 years ago 8a,e) , but it was not proved until our research group proved it with 13 C labeled NMR experiments. 9 If the Hooker oxidation could be efficiently accomplished on highly substituted hydroxynaphthoquinones, one would have a particularly useful control of the regiochemistry. Generally, there are three major contributions for the regiochemical control in the synthesis of quinones: (1) the regiochemical control in the cyclobutenedione state by the regioselective 1,2-addition of lithium reagent to it; 10 (2) the regiochemical control in aryl, alkenyl or alkynyl lithium reagents by an incorporation of a halogen atom or stannyl derivatives at the specific position, or heteroatom directed lithiation; 11 (3) the regiochemical control in the quinone state, especially hydroxynaphthoquinones, by the Hooker oxidation.
The synthetic strategy for fibrostatin B is proposed in Scheme 8. That is, fibrostatin B can be envisaged to ultimately arise from 2,6-dimethoxybenzyl alcohol (27) and 3-t-butoxy-2-ethyl-3-cyclobutene-1,2-dione (28), and both compounds are easy to be prepared in one or two steps from commercially available starting materials.
The aromatic compound was prepared from 1,3-dimethoxtbenzyl alcohol or 2,6-dimethoxybenzoic acid in high yields (Scheme 9). 2,6-Dimethoxybenzyl alcohol (31) was prepared from 2,6-dimethoxybenzene (29) in 92% yield or 2,6-dimethoxybenzoic acid (30) in 76% yield. It was then treated with tbutyldimethylsilyl chloride (TBDMSCl) 12 to give 2,6-dimethoxy-(t-butyldimethylsilyloxymethyl)benzene Harold W. Moore (32) in 92% yield.
3-t-Butoxy-4-ethyl-3-cyclobutene-1,2-dione (28) was prepared by the usual one pot procedure in 76% yield. 13 starting with di-t-butylsquarate and ethylmagnesiumbromide (Scheme 10).
The addition of the lithium salt of 32 to 28 was performed successfully only in hexane with TMEDA at 0 o C to afford 3-t-butoxy-2-ethyl-4-hydroxy-4-(2,4-dimethoxy-3-t-butyldimethylsilyloxymethylpheny)-2-cyclobuten-1-one (33) in 68% yield. In the absence of TMEDA, the reaction failed. Thermolysis of the resulting cyclobutenone 33 in toluene followed by Ag 2 O oxidation of the resulting hydroquinone gave the desired 3-t-butoxy-6-(t-butyldimethylsilyloxymethyl)-5,7-dimethoxy-2-ethyl-1,4-naphthoquinone (34) in 85% overall yield. Removal of the t-butyl group was performed by trifluoroacetic acid (TFA) at 0 o C to give 5,7-dimethoxy-2-ethyl-3-hydroxy-6-hydroxymethyl-1,4-naphthoquinone (35) 14 in 85% yield. When Hooker oxidation of 35 was performed in alkaline potassium permanganate or hydrogen peroxide and CuSO 4 . The first attempt employed alkaline potassium permanganate, 5,7-dimethoxy-2-hydroxy-6-hydroxymethyl-3-methyl-1,4-naphthoquinone (36) was not obtained in high yield. In addition, the reaction was hard to follow by TLC because both the starting naphthoquinone and the product has the same Rf value in the available eluents. We applied the conditions using hydrogen peroxide and CuSO4, and 36 was successfully obtained in 76% yield. The reaction could be followed easily by color changes, i.e., hydroxynaphthoquinones are red in basic condition and yellow in acidic condition, and ketols are colorless in basic condition. Methylation of 36 was performed by diazomethane15 to give 37 in 89% yield. Demethylation of methoxy group in 37 was selectively performed by boron trichloride to give 38 in 90% yield. 16 2,7-Dimethoxy-5-hydroxy-6-hydroxymethyl-3-methyl-1,4-naphthoquinone (38) is an aglycone of fibrostatin B, but compound 38 can also work as an alkylating agent. So, biological study for this compound must be valuable, too.
EXPERIMENT
General procedure. Commercial reagents were used without further purification excepts as indicated below. Tetrahydrofuran and diethyl ether were distilled from sodium/benzophenone ketyl immediately before use. All air or water sensitive reactions were carried out in flame dried glassware under a positive pressure of argon or nitrogen. Air sensitive solutions were transferred via cannula and were introduced into the reaction vessel through rubber septa. Butyllithiums were introduced to the reaction vessels via syringe. Reaction solutions were concentrated by a Buchi rotary evaporator at 15-30 mmHg. Column chromatography was perScheme 9. Synthesis of protected 2,6-dimethoxylbenzyl alcohol 32.
Scheme 10. Synthesis of 3-t-butoxy-4-ethyl-3-cyclobutene-1,2-dione (28).
formed by using E. Merck silica gel (230-400 mesh) mostly with hexanes and ethyl acetate as eluents.
Instruments. Proton and carbon 13 C NMR were recorded on a Bruker WM 250, a General Electric QE 300, a General Electric Ω500 NMR or a General Electric GN 500 NMR spectrometer. Infrared spectra were recorded on a Perkin-Elmer FT IR spectrophotometer. Low-resolution mass spectra (MS) were recorded on a Finigan 4000 spectrometer and high-resolution mass spectra (HRMS) were measured with a VG Analytic 7070E spectrometer. Elemental Analysis were performed by Robertson Laboratory. 4-Bromo-2,6-dimethoxy-(trifluoromethanesulfonyl)-benzene (16). To a solution of 1.69 g (7.28 mmol) of 15 in 100 mL of dry diethyl ether was added a mixture of NaH (0.35 mg, 7.28 mmol, 50% in mineral oil)(prewashed with ether before use) in 30 mL of ether at 0 o C. The resulting mixture was stirred for 30 min until no more grey precipitate was formed at 0 o C. Trifluoromethanesulfonic anhydride (1.3 mL, 8.0 mmol) was slowly added to this solution over 3 min at 0 o C, stirred for 5 min and the ice bath was removed. The reaction mixture was heated at reflux for 4 hrs and then cooled to room temperature. The reaction was quenched with water by pouring the reaction mixture into a separatory funnel containing 50 mL of water. The aqueous layer was extracted with diethyl ether (2×100 mL) and the combined organic layer was washed with 50 mL of 5% NaOH solution, water (2×100 mL), and brine (50 mL), dried over magnesium sulfate, and concentrated in vacuo. The resulting residue was purified by flash column chromatography ( 3,5-Dimethoxy-4-(trifluomethanesulfonyl)methylbenzoate (17). To a three neck round bottom flask (50 mL) equipped with a magnetic stirrer were added 364 mg (1.0 mmol) of 16, 16.0 mg (0.06 mmol) of P(Ph) 3 , 7.00 mg (0.03 mmol) of Pd(OAc) 2 , 0.28 mL (2.0 mmol) of NEt 3 and 0.9 mL (20.0 mmol) of methanol, and CO was purged for 5 min. The reaction mixture was stirred at 60 o C for 2 hrs with bubbling of CO into the reaction flask, and then cooled to room temperature. The reaction mixture was poured into a separatory funnel containing diethyl ether (100 mL). The aqueous layer was extracted with diethyl ether (2×20 mL). The combined organic layer was washed with 5 mL of 1N HCl and then brine (10 mL) until neutral, dried over magnesium sulfate, and concentrated in vacuo. 
3,5-Dimethoxymethylsilylbenzene (19).
To a solution of 12 (2.16 g, 10.0 mmol) was added n-BuLi (1.6 M in hexanes, 6.88 mL, 11.0 mmol) at -78 o C via syringe slowly. After stirred for 20 min at -78 o C, the reaction mixture was treated with excess amount of TMSCl (1.3 equiv). The resulting mixture was stirred for an additional 30 min, and the mixture was poured into a separatory funnel containing 120 mL of diethyl ether and 50 mL of water. The aqueous layer was extracted with diethyl ether (2×100 mL), dried over magnesium sulfate, and concentrated in vacuo. The resulting residue was purified by flash column chromatography ( 
2,6-Dimethoxy-4-trimethylsilyibenzyl alcohol (20).
A solution of 630 mg (3.0 mmol) of 19 in 30 mL of dry THF at 0 o C under argon was treated with nBuLi (1.6 M in hexanes, 2.25 mL, 3.6 mmol). The reaction mixture was stirred for 2 hrs at room temperature, and then cooled to 0 o C and 108 mg (3.6 mmol) of para formaldehyde was added. The solution was stirred for 1 hr and quenched with 4 mL of a 10% NH 4 Cl solution. The resulting solution was poured into a separatory funnel containing diethyl ether (100 mL) and water (20 mL). The organic layer was washed with water (2×20 mL) and brine (10 mL), dried over magnesium sulfate, and finally concentrated in vacuo. The resulting residue was purified by flash column chromatography (3/1 hexanes/ethyl acetate) to give 700 mg (79%) of the desired product 20 as a white solid with 120 mg (20%) of starting material 19: m.p., 50.0-50. 
2.6-Dimethoxy-4-iodotrimethylsilyloxymethylbenzene (22).
To a solution of 352 mg (1.2 mmol) of 21.c in dry THF (70 mL) were added 4 mL of dry pyridine and 0.4 mL (1.4 mmol) of TMSCl slowly at room temperature, and the reaction mixture was stirred for 1 hr at 35 o C. The reaction mixture was cooled to room temperature and 30 mL of diethyl ether was added, and the pyridinium hydrochloride salt was removed by filtration through a celite pad twice. The organic layer was washed with water (2×10 mL) and brine (10 mL), dried over magnesium sulfate, and concentrated in vacuo. The Harold W. Moore
3-t-Butoxy-4-ethyl-3-cyclobutene-1,2-dione (28).
To a solution of Mg ribbon (2.3 g, 0.1 mol) in 100 mL of dry ethyl ether with a few crystals of iodine was added ethylbromide (5.4 g, 50.0 mmol) in dry ether (100 mL) dropwise for 30 min. The mixture was heated at reflux for 3 hrs, and then cooled to room temperature. The resulting grey solution was transferred into a solution of di-t-butyl squarate (9.0 g, 40.0 mmol) in dry THF (200 mL) at -78 o C via cannula slowly. After stirred for 30 min, the reaction mixture was treated with TFAA (8.5 mL, 60 mmol) at 0 o C. The mixture was stirred for another 30 min, and 20 mL of water was added to the reaction mixture. The reaction mixture was poured into a separatory funnel containing 300 mL of ether and 100 mL of water. The aqueous layer was extracted with ether (2×100 mL). The combined organic layer was washed with water (100 mL) and brine (20 mL), dried over magnesium sulfate, and concentrated in vacuo. The resulting residue was purified by flash column chromatography ( 
3-t-Butoxy-2-ethyl-4-hydroxy-4-(2,4-dimethoxy-3-t-butyldimethylsilyloxymethyl)-2-cyclobuten-1-one (33).
To a solution of 32 (1.25 g, 4.4 mmol) in dry hexanes (120 mL) were added n-BuLi (1.6 M in hexanes, 2.75 mL, 4.4 mmol) and TMEDA (4.75 mmol) at -78 o C and the reaction mixture was warmed to 0 o C with stirring. After stirring for 1 hr at 0 o C (reaction mixture turned from colorless to yellow), the reaction was cooled to -78 o C and transferred to a solution of cyclobutenedione 28 (600 mg, 3.65 mmol) in dry THF (100 mL) via cannula at -78 o C. After stirring for 30 min at -78 o C, the reaction was quenched with 5% NH 4 Cl solution (10 mL) and the resulting solution was poured into a separatory funnel containing 200 mL of ether and 30 mL of water. The aqueous layer was extracted with ether (2×100 mL). The combined organic solution was washed with water (100 mL) and brine (20 mL), dried over magnesium sulfate, and concentrated in vacuo. The resulting residue was purified by flash column chromatography ( 
2-t-Butoxy-6,8-dimethoxy-3-ethyl-7-(t-butyldimethylsilyloxymethyl)-1,4-naphthoquinone (34).
The hydroxycyclobutenone 33 (700 mg, 1.5 mmol) was heated under reflux in toluene (50 mL) for 1 hr. The reaction was cooled to room temperature, Ag 2 O (4.0 mmol) and K 2 CO 3 were added and stirred for 3 hrs. After the silver residues and K 2 CO 3 5,7-Dimethoxy-2-ethyl-3-hydroxy-6-hydroxymethyl-1,4-naphthoquinone (35). The naphthoquinone 34 (500 mg, 1.1 mmol) was placed in a flame fried 100 mL round bottom flask, and cold TFA(40 mL) was added to this quinone slowly under argon atm. After the reaction mixture was stirred for 30 min, 30 mL of toluene was added to the mixture and then the solution was concentrated in vacuo at 40 o C. The resulting residue was purified by flash column chromatography (3/1 hexanes/ethyl acetate) gave 268 mg (85%) of the desired 5,7-dimethoxy-2-ethyl-3-hydroxy-6-hydroxymethyl- 5,7-Dimethoxy-2-hydroxy-3-methyl-6-hydroxymethyl-1,4-naphthoquinone (36). The hydroxyquinone 35 (292 mg, 1.0 mmol) was added to a 50 mL flame dried round bottom flask containing 3 mL of dioxane and 3 mL of water, and 128 mg (1.2 mmol) of Na 2 CO 3 was added (reaction mixture becomes red). The reaction mixture was heated with 0.30 mL of 30% H 2 O 2 under nitrogen at 60 o C until the solution was turned to a pale yellow. The reaction solution was then cooled in ice and treated with 10 drops of conc. hydrochloric acid and a sufficient amount of water solution saturated with SO 2 . A stream of nitrogen was then bubbled into the solution for 30 min. The mixture was then treated with 2 mL of 25% NaOH solution and 6 mL of a aqueous CuSO 4 solution (1 g, 6.0 mmol) (blue) and heated at 70 o C until the solution became red (blue to red through brown). The solution was filtered through a pad of celite and the pad was washed with water until the red color disappeared. The red solution was treated with dilute hydrochloric acid to slightly acidic (yellow). The solution was poured into a separatory funnel containing CHCl 3 (150 mL) and water (10 mL) and separated the layers. The aqueous layer was extracted with CHCl 3 (100 mL). The combined organic layers were washed with brine (10 mL), dried over magnesium sulfate, and concentrated in vacuo. 6-Hydroxymethyl-3-methyl-2,5,7-trimethyl-1,4-naphthoquinone (37). To the solution of diazald (10.0 g) in dry ether (10 mL) in 50 mL elrenmeyer flask was added ethanol (30 mL) which was saturated with KOH, and this solution was connected into a reaction flask containing quinone 36 (139 mg, 0.5 mmol) in 25 mL of dry ether with a nalgen tube. Excess diazomethane was passed through acetic acid. After the reaction was completed, the reaction mixture was stored in a hood overnight. The solvent was then removed in vacuo and the residue was purified through flash column chromatography (3/1 hexanes/ethyl acetate) to give 125 mg (89%) of the desired 6-hydroxymethyl-3-methyl-2,5,7-trimethyl-1,4-naphthoquinone (37) as a yellow solid: m.p., 152. 5-hydroxy-6-hydroxymethyl-3-methyl-1,4-naphthoquinone (38) . To a solution of 37 (146 mg, 0.5 mmol) in dry CH 2 Cl 2 (30 mL) was added BCl 3 (1.5 mmol) at -78 o C via syringe. After stirred for 20 min, the reaction was quenched with water, and the solution was poured into a separatory funnel containing 20 mL of CH 2 Cl 2 and 10 mL of water. The organic layer was washed with water (10 mL) and brine (10 mL), dried over magnesium sulfate, and concentrated in vacuo. The resulting residue was purified by flash column chromatography ( 
